Objective To compare mono-and bi-exponential T 2 * analysis in healthy and degenerated Achilles tendons using a recently introduced magnetic resonance variable-echo-time sequence (vTE) for T 2 * mapping. Methods Ten volunteers and ten patients were included in the study. A variable-echo-time sequence was used with 20 echo times. Images were post-processed with both techniques, mono-and bi-exponential [T 2 * m , short T 2 * component (T 2 * s ) and long T 2 * component (T 2 * l )]. The number of mono-and biexponentially decaying pixels in each region of interest was expressed as a ratio (B/M). Patients were clinically assessed with the Achilles Tendon Rupture Score (ATRS), and these values were correlated with the T 2 * values.
Introduction
It is generally known that biophysical properties of the tissue define the contrast between tissues in magnetic resonance imaging (MRI). In addition to field strength and temperature, relaxation times also depend on the macromolecular content of the tissue. In highly organised tissues, such as tendons, ligaments, menisci, trabecular bone, or cartilage, the transversal relaxation time is extremely short compared with that of muscles or fat, for instance. Therefore, special MR sequences are required to acquire signal directly from these tissues. In the last 10 years, the most frequently used sequences for quantitative imaging of fast-relaxing tissues comprised the 3D ultrashort echo time (UTE) [1] , the 2D-UTE [2] , the stack of spirals (AWSOS) [3] , and a variable echo time sequence [4, 5] . Macromolecular content causes strong anisotropy in these tissues through the dipole-dipole interaction. In the past, different degrees of anisotropy were observed in various tissues using spectroscopic methods; e.g. in tendons, four peaks were observed in the T 2 spectrum and in the cartilage two were observed [6, 7] . The recent developments in MR hardware and software now allow a quantification of multiple T 2 (or T 2 *) components in the clinical environment. These can be subsequently used as markers for different pathophysiological conditions. In recently published studies, T 2 * has been used as a marker for sub-clinical changes in menisci after an anterior cruciate ligament tear [8] . In other studies, osteoarthritis progression in cartilage was detected using T 2 /T 2 * [9] [10] [11] . As for tendons, several studies have demonstrated the suitability of quantitative T 2 * mapping in the Achilles tendon [12, 13] . Generally, two types of water exist in connective tissues, free water and bound water, where the water molecules can be bound to collagen fibres or proteoglycan molecules. A common problem of bi-component T 2 * analysis is that the shortest component is difficult to quantify with clinically common echo times (i.e. TE>10 ms). Another problem is a relatively high sensitivity to the signal-to-noise ratio (SNR) during multiple-component analysis. In our study, a 3D gradient echo (GRE) sequence with a variable echo time (vTE) was used. This sequence, which was introduced by Ying and Schmalbrock [5] , and further developed by Song and Wehrli [4] and recently by Deligianni et al. [14] , utilises varying phase-encoding gradients to manipulate the effective echo time, resulting in sub-millisecond TE that enables the visualisation of fast-relaxing tissues. The advantage of UTE sequences is the sampling of the MR signal with very short echo times, which allows T 2 /T 2 * to be calculated quite precisely. However, low resolution and blurring artefacts complicate T 2 /T 2 * estimation. The vTE offers images with high resolution without blurring. To the best of our knowledge, this sequence has not been previously used for T 2 * calculation in the human Achilles tendon in vivo.
Therefore, the aim of this study was to confirm the suitability of vTE for T 2 * estimation in the human Achilles tendon in vivo. Furthermore, we hypothesise that the echo time range provided by vTE would be suitable for biexponential T 2 * calculation. We also compared the monoand bi-exponentially calculated T 2 * to demonstrate that the short and long T 2 * components might help in diagnosing a degenerated Achilles tendon better than simple monoexponentially calculated T 2 *. To validate this, quantitative MRI data were correlated with clinical scores for Achilles tendon rupture.
Materials and methods

Patient cohort
Institutional Review Board approval and written, informed consent were obtained. Ten patients (mean age, 43.9± 13.4 years) with a painful Achilles tendon and ten agematched, healthy volunteers (mean age, 43.7±11.2 years) were included in the study. The exclusion criteria for all subjects were contraindications to MR imaging.
MRI examination
All subjects were examined with a 3-T whole-body system (TIM Trio, Siemens, Erlangen, Germany) using an eightchannel knee coil (In Vivo, Gainesville, FL, USA). For quantitative bi-exponential T 2 * assessment, a multi-echo, variable echo time (me-vTE) sequence was obtained, with sequentially shifted echo times. In total, there were five sets with four echo times each. There were 20 echo times: TE=0. 8 For morphological evaluation of the Achilles tendon, the following set of four sequences was used: fat-saturated sagittal proton-density weighted turbo-spin echo (sag PD TSE), axial T 2 -weighted TSE (ax T2 TSE), fat-saturated axial PDweighted TSE (ax PD TSE), and a fat-saturated sagittal T 1 -weighted sequence (sag T1). The parameters for these sequences are listed in Table 1 .
Clinical tendon scoring
All subjects were rated according to the Achilles tendon Total Rupture Score (ATRS; 0-100 points, worst to best) [15] . The ATRS scoring sheet is summarised in Table 2 . An orthopaedic surgeon with 5 years of experience (N.N.) rated the tendons.
Image analysis
Magnetic resonance imaging parameters were calculated using a manually drawn ROI analysis in the three regions of the Achilles tendon (insertion part, INS; middle part, MID; muscle-tendon junction, MTJ; Fig. 1 ). The length of each of the parts was defined as one-third of the total Achilles tendon length, measured from the most proximal to the most distal. Values were also stored for the sum of all three regions, hereafter referred to as the 'bulk' values. Images from the vTE sequence were analysed using a custom-written script in IDL 6.3 (Interactive Data Language, Research Systems, Inc., Boulder, CO, USA). A mono-as well as a bi-exponential fitting procedure was performed on all MR data sets on a pixel-by-pixel basis. For mono-exponential fitting, a threeparametric function was used to fit the signal intensity
where A 0 is the signal intensity at a TE<1 ms, A 1 corresponds to the actual T 2 * m (mono-exponentially calculated T 2 *), and A 2 is the baseline (mostly the noise). The same data set was also processed bi-exponentially, using the function
where B 1 corresponds to the short component of T 2 * (T 2 * s ), B 3 corresponds to the long component of T 2 * (T 2 * l ), and B 0 and B 2 are the component ratios expressed further as a percentage value of B 0 +B 2 : Fs=100*B 0 /(B 0 +B 2 ) and F l = 100*B 2 /(B 0 +B 2 ). B 4 is the offset given primarily by noise. During the calculation of T 2 *, only those pixels that satisfied the following condition were considered bi-exponential:
Seven maps for each slice were stored for further use, i.e. the mono-exponential T 2 * maps, the short component of the bi-exponential T 2 * maps, the long component of the biexponential T 2 * maps, and both short and long T 2 * component ratios and the binary maps of mono-or biexponentially calculated pixels. The map of the coefficient of determination (R 2 , fit precision) and the binary map based on the bi-exponential condition (Eq.3) (0 = monoexponential decay, 1 = bi-exponential decay) were saved as well.
Each ROI was represented by a weighted mean value, calculated using an R 2 correction algorithm [16] . T 2 * s and T 2 * l were calculated using a mask created from a binary map, and only pixels that satisfied the condition 4×T 2 * s < T 2 * l were included. From each segment, the ratio of monoand bi-exponential pixel amounts was calculated (further referred to as B/M).
Intra-and interobserver variation
To calculate the interobserver variability, all ten patients were evaluated by three independent raters (V.J.,S.A., P.S.). The variation between raters was expressed as a coefficient of variation (CV, %). Intraobserver variability was calculated from three independent evaluations of ten patients by one rater (V.J.) and expressed as an intraclass correlation (ICC).
Statistical analysis
All statistical analyses were performed in SPSS for Windows, version 16.0 (SPSS Institute, Chicago, IL, USA). Descriptive statistics were performed in order to calculate the mean and standard deviation (SD) of age, T 2 * m , T 2 * s , T 2 * l , component ratios, B/M values, and ATRS separately for normal and degenerative Achilles tendons. An independent sample t-test with equal variances was performed to obtain the difference in individual parameters between the two groups. A P value<0.05 was considered statistically significant. The correlation of MR parameters and ATRS was calculated as a Pearson correlation coefficient. A binary classification test was performed on the data to obtain the discrimination power using ROC analyses. The area under the curve was calculated by using the trapezoidal rule and expressed as percentages.
Results
The coefficient of variation (CV) for interobserver variation was found to be 8.2 %, on average. For different tendon segments, the CV was 5.1 % for the insertion part of the tendon, 7.9 % for the mid part, and 11.8 % for the muscle-tendon junction. Intraobserver variation was expressed using ICC and found to be 0.881, on average. For different segments, ICC was 0.912 for the insertion part of the tendon, 0.845 for the mid part, and 0.887 for the muscle-tendon junction.
The mean ATRS was 52.8±23.7 for patients; all volunteers had an ATRS equal to 100. The mean pixel count for bulk ROIs was 307±134; separately, for the individual tendon parts, the INS was 106±48, the MID 114±54, and the MTJ 87±64. The model with the bi-exponential fitting function calculated the values with slightly higher precision than that with a mono-exponential fitting function (R [bi]=0.996±0.131). The data with the corresponding mono-and bi-exponential fits are depicted in Fig. 2 . As for results from bulk analysis, in volunteers, the mean T 2 * m was 3.35±0.45 ms, the mean T 2 * s was 0.68±0.05 ms, the mean T 2 * l was 16.99±7.11 ms, and the B/M ratio was 7.29±2.30. In patients, the mean T 2 * m was 6.56±1.70 ms, the mean T 2 * s was 0.87±0.08 ms, the mean T 2 * l was 19.83±7.13 ms, and the B/M ratio was 3.39±1.27. The means for both T 2 * m and T 2 * s were statistically significantly different between the patients and volunteers; however, the P value for T 2 * s was substantially lower (P<0.001) than that of T 2 * m (P=0.001). Moreover, the amount of bi-exponentially decaying pixels decreased with pathology (P=0.012). All MR parameters, ratios, as well as P values are summarised in Table 3 In patients, the Pearson correlation coefficient between ATRS and T 2 *s was r=−0.846 (P=0.002). High correlation, albeit lower compared with T 2 * s , was also observed between ATRS and T 2 * m (r=−0.786, P=0.007). ATRS did not correlate with T 2 * l (r=−0.216, P=0.55) or B/M (r=−0.02, P=0.956) (Fig. 5) .
Discussion
The results of this study suggest that the variable echo time sequence based on a gradient echo is suitable for bicomponent analysis of T 2 * in the human Achilles tendon in vivo. Mono-exponential calculation of T 2 * provides a weighted mean value from different components of transversal relaxation. This may lead to an underestimation of T 2 *, especially in diseased tendons. From a biochemical point of view, the short component of T 2 * is related to bound water and the long component to free water [17] . This is due to the existence of distinct water compartments with different transverse relaxation times in highly organised biological tissues [18] . T 2 and T 2 * in tendons have been studied previously using various methods, such as MR spectroscopy, a standard Carr Purcell Meiboom Gill (CPMG) sequence, 2D sequences, and 3D UTE sequences. Peto et al. studied different water compartments in the Achilles tendon ex vivo using MR spectroscopy [19] . They demonstrated four water components by measuring four T 2 * components, 1.1, 6.0, 18.9, and 79.8 ms, with the component ratios of 56, 26, 15, and 3 %. T 2 * is substantially dependent on temperature and orientation to the main magnetic field [19] . Henkelman et al. also demonstrated fourcomponent T 2 decay in the Achilles tendon using a CMPG technique [6] . Despite this fact, there are many studies using mono-exponential T 2 /T 2 * calculations that have resulted in a linear combination of short and long T 2 /T 2 * components. Gold et al. used a projection-reconstruction approach to calculating T 2 in ex vivo Achilles tendons; the mean T 2 calculated in that study was 1.2±0.2 ms [20] . In another study, T 2 * was calculated mono-exponentially using a 2D-UTE sequence in ex vivo samples [21] , and it ranged from 1.76 to 2.64 ms for the global average area of the Achilles tendon. A bi-component analysis of transversal relaxation constants in the Achilles tendon is more sensitive to the precision of pixels used for fitting and is also more computationally demanding; however, it allows quantification of the bound and free water. The Graeme Bydder group performed the pioneer work in this field, mostly using 2D-UTE imaging and UTE spectroscopy imaging for fast-relaxing tissues [13, 17, 21, 22] . [12] . Those authors found a significant increase in the short T 2 * component in degenerative tendon tissue. However, these numbers were measured at 7 T; therefore, they may differ from those measured in this study at 3 T. Noticeably, the variation in the long T 2 * component among the studies is much greater than that of the short component, which can provide an explanation for the lower clinical specificity and sensitivity of T 2 * l .
Interestingly, when comparing the T 2 * m and T 2 * s from the whole tendon between volunteers and patients, both Fig. 3 Example of bi-component T 2 * analysis of a 23-year-old healthy volunteer. a R 2 map for bi-exponential T 2 * calculation; b R 2 map for mono-exponential T 2 * calculation; c mono-exponentially calculated T 2 *; d short component of T 2 * map; e long component of T 2 * map; f the binary map of mono-and-bi-exponential pixels used for B/M ratio calculation. Individual maps are overlaid on vTE images, calculated as a subtraction of the shortest TE (0.8 ms) and the longest TE (20 ms). Note the higher R 2 values for bi-exponential calculation mean differences were statistically significant. However, when looking at the separately segmented regions (INS, MID, and MTJ), the difference in T 2 * m was statistically significant in all parts, while the difference in T 2 * s was significant only in the insertion part. This can be explained by the fact that collagen fibre organisation is higher from the MTJ toward the INS; therefore, more pixels were excluded from bi-exponential analysis from the MTJ and MID parts of the tendon, which could have affected the statistics.
To the best of our knowledge, quantitative MRI values have not been correlated with the clinical scores, to date. The ATRS score has high clinical utility, being both patientand clinician-friendly, and it has been validated in many studies [15, [24] [25] [26] . Although it was originally developed for measuring outcome after the treatment of total Achilles tendon rupture, it is also extendable to the general evaluation of the Achilles tendon status. The high correlation of T 2 *m and T 2 *s with clinical scores in our study validates the clinical value of quantitative MRI for Achilles tendons.
The intra-and interobserver variability showed a very high reproducibility for the evaluation. The highest variability was found in the MTJ part of the tendon, which is probably attributable to the more difficult segmentation in the region where the tendon connects to the soleus and gastrocnemius muscles.
Our study has several limitations. Possible patient movement may have introduced an error in the sensitive biexponential T 2 *. Movement of the subjects was minimised by careful ankle fixation, and the images were also coregistered in the post-processing phase.
Some bias may have also been introduced by choosing the constant in the condition for bi-exponentially decaying pixels, which was based purely on empirical findings. This choice seemed to best fit the mathematical model of bi-exponential fitting at the noise level measured in this study; however, no detailed simulations were performed to validate this. The magic angle effect may bring unwanted error to T 2 /T 2 * calculations. It has been shown that T 2 * is approximately five times higher at 55°than at 0°for tendons and two times higher for entheses [22, 27] . To minimise this problem, we positioned our patients for MR imaging such that the Achilles tendon was in a direction parallel to B 0 , and we tried to maintain the flexion of the ankle joint at 90°.
As the data in this study are presented as preliminary, further investigation with a larger patient cohort is necessary to validate the results.
The echo time range can be considered another limitation. The short T 2 * component was sampled with the first two or three echo times, which may have introduced a greater uncertainty for the short component calculation, compared with the long component. However, the substantially higher precision (higher R 2 ) of the fitting curves suggests that bi-component analysis is valid. The robustness of the method may be further improved by increasing SNR via transferring to an ultra-highfield MR device.
This new method allows better definition of the different components of the collagen fibre network within the Achilles tendon, mainly the differentiation between the slow and fast component of the T 2 * decay, which corresponds to the free and bound proton pool within this tissue. Thus, the detection of subtle abnormalities within the Achilles tendon seems to be feasible, and the high correlation with the clinical Achilles tendon score underlines its potential as a marker for different stages of Achilles tendon disease. The ability to obtain a higher intrastructural tendon analysis may also help to define Achilles tendinopathy that is at risk for a partial tear. Finally, this technique may help in the monitoring of Achilles tendon healing after full tear surgical treatment, as it provides the opportunity to detect earlier changes as a result of abnormal healing with the risk of a re-tear of the Achilles tendon
In conclusion, the vTE is a suitable sequence for T 2 * mapping in the human Achilles tendon in vivo, and the echo range provided by this sequence (minimum echo time, 0.8 ms) is capable of two-component T 2 * analysis. This sequence can be successfully used as an alternative to 2D and 3D UTE sequences with several benefits, such as a short imaging time, along with relatively high resolution and minimised blurring artefacts. The short component of T 2 * provides a better marker of Achilles tendinopathy, suggesting that it reflects the changes in water content and collagen orientation more accurately than a simple mono-exponential fit.
